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INTRODUCTION

The design of an open manine propulsor 18 a complex
process. involving structural and hydrodynamic considers-
tions (1. 0) For the hydrodynamic contiderations during most
o1 the preliminary design process, approximate models of the
btting surfaces are employed, e g . the ifting-ine model (3, 4)
tor powering considerations, and two-dimensional flow over
equivalent hlade sechions for cavitation performance. More
saphisticated models of the lifting surfaces are used for pre-
dicting fluctuating loads § §) and some cavitation predic-
tions (61 These approximate models have heen acceptable
during the prehminary desygn process and provide s basis for
thoice of the maximum diameter, advance coefficient and
radial vanations ot chord. skew-angle. rake, thickness, and
crculation distnbution The chordwise vanation in load has
usually been selected during thus prehminay stage and 18
often based on cavitation and propulsion conmiderations.

For the final stage of the design, the meanline distribu-
tion and radial pitch vanation are determined corresponding
to the selections for load and geometry already available. To
derwve a geometry which accurately produces the specified
load distributions, a hfting-surface model of the blades s
required

Several procedures already exist for performing
bfting-surface calculations for wide-bladed open manne pro-
pulsors  In particular, two different approaches to the
analvss for blades with arbitrary locations in space have been
presented by Kerwin (7) and McMahon (R} Kerwan's numen.
val analysis procedure 1s based on three fundamental assump-
tions (1) that the continuous loading distnbution on the
nonplanar blade surtace can be adequately approximated by
a muftitude of discrete straight lines of constant-vortex
strength and that the source distnbution ansing from the
thickness distribution can he similarly approximated, (2) that
the mimimum required spacing hetween lattice elements along
the chordhine 1s A8 = Y degrees. and ( 3) that the resulting '
meanline shape for a given chordwase load 18 simiar to the
two-dimensional shape for the same chordwise load The
first two assumptions are not acceptable for very narrow
hlades for a blade with a 20 degree pitch .ngle at the 0.9
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radius and a chord to diameter ratio of 0.05, the 2 degree
spacing equals increments of about 1/3 chord length. The
last assumption permits calculations to be performed using
only a few points along the chord and the two-dimensional
shape s fitted to the data at these points. The resulting
computer code is relatively quick running and produces a
geomelry which, in practice, has an overall speed and power-
ing performance generally within a few percent or so of the
predicted values, with a general tendency to produce a
greater thrust than predicted. The procedure of McMahon
employs continuous distributions for the loading and thick-
ness functions and calculates the meanline from the induced
velocity. Consequently, data at more chordwise points are
required to define the pitch and meanline distributions.

The resulting computer code 1s lengthy to run but has shown
remarkably different meanline shapes from the two-dimen-
si0nal one at the hub and tip region of the blade where the
meanlines can be s-shaped (8). Two models were constructed
and expenimentally evaluated to provide data on the relative
cavitation and propulsion performance of designs having the
same mput specifications but final geometry according to
the Kerwin and McMahon procedures. Some inconsistencies
occurred in the expenmental measurements but the thrust
was vloser to the predicted vatue and the operating point
ventered in the cavitation bucket for the model designed by
the McMahon method. Hence, the determination of specific
meanline and pitch distributions, instead of fitting the two-
dimensional meanline, 1s considered to he a superior pro-
cedure when the design 1s based on a narrow range of permis-
sible operating conditions and the delay of cavitation is
cntwal.

Because the numencal-analysis procedure employed
by McMahon results in lengthy computer runs and Kerwin's
procedure i1s not acceptable for narrow blades, alternative
numencal-analysis schemes are investigated in this paper.
In addition, a detailed description of the flow field across
the blade surface was desired as input into boundary-layer
calculations. Two different numenical analysis schemes are
described, each involving an expansion of the singular kernel
about the singular point. Both approaches employ integra-
tion of the specified thickness slope and load distribution
over the reference blade in the radial direction first and the
remaming chordwise integration then takes the form of the
veloc'ty component corresponding to two-dimensional flow
modified by the presence of an induction factor in the
integral. Regular integration techniques are employed for
the other blades and the shed vortex sheet The induced
velocity components are appropriately combn~d and inte-
grated to obtain meanhne shapes

The present investigation describes the real-fluid
flow about a rotating system of hfting surfaces having hoth
loading and thickness. Several approximations are made
The first of these 1s the mathematical model for which
potential flow equations are »mployed and the solution to
farst-order in thickness-to-ch »rd ratio, camber-to-chord rat:o
and difterence in pitch and flow angles denved Compan-
sons with experimental results for other hifting-surface
configurations lead to confidence in this ineanzed approx-
imation In addition to this mathematical model. further
approximations occut in the numencal analysis Confidence
in the numerical analysis procedures is justified by compar
1son with analytical solutions or experimental results  [hat
1S, resuits are sought from some discretized numencak
analyus procedures involving N by M approximaions, which
have converged to within some specified tolerance, ¢ of the
real or analytical value of the quantity investigated Math-
ematically ths may be stated

AL IT RS VR ST

(x, y) on the surface §

for {N>N,
M>M,
where [N M= the approximate calculation of a particular
' quantity
S = aregion of the surface of interest
N,. M, = minimum numbers of the discrete approx-

imations for which the computed results are
within € of the values for f

For rotating lifting surfaces, neither measured nor analytical
solutions exist for drtails of the flow field on the blade
Hence, comparisons will be made with other procedures.

It is assumed that numerical solutions which employ in-
creasingly greater pointwise definition of the nput variable
without change in computed values have converged and that
the solution has converged when a smooth curve can he drawn
through point values in both the chordwise and radial direc-
tions. These assumptions are believed to be necessary but

not sufficient for convergence.

In the following sections, the mathematical model
of the flow field on the blade surface is first reviewed and
numerical-analysis techniques for evaluating both regular and
singular integrals are described. A FORTRAN computer code
is discussed and sample calculations using this code are pre-
sented. From example calculations, it 1s found that greater
accuracy in the integral evaluations is required for the deter-
mination of smooth pressure distribution curves than for the
shape of the meanline and the pitch distnbutions. The choice
of a particular chordwise loading distribution 1s shown to
have an effect on the meanline shape and the pressure dis-
tribution. The effects of rake and skew are shown to be
important on both pressure distribution and meanline shape.
A particular thickness function has hardly any effect on pitch
or meanline but a significant effect on pressure distribution.

MATHEMATICAL MODEL THICK LIFTING BLADF

The mathematical model of a system of rotating lifung
surfaces advancing in an unbounded irrotational flow field
with an inviscid fluid has been developed on a formal mathe-
matical basis by Brockett (9). A reformulation of that analysis
in terms of non-dimensional surface coordinates is presented
herein for completeness. The propulsor 1s assumed to be ade-
quately represented by the blades alone, 1 e.. neither the hub
nor fillet from the blades to the hub 1s ncluded in the blade
specificaion. The onset flow 1s assumed to be directed along
the axis of rotation but a new feature included herein 1s that
it may have a small radial component  Overall geometry nota-
tion generally follows the definitions given in Reference 10

Coordinate systems are constructed with the same
orientation as in Reference 9, and 1n particular. the helical
coordinate system (£ §>. 1) rotating with the blades s
shown in Figure 1 Unit base vectors in a rght-handed
Cartesian reterence frame are the customary (1, ), k) where 1
15 along the x axis and 15 positive pointing aft, 1 1s along the
v axis and k s along the 7 anis which 1s generaily along the
reference hlade U'nit vectors along the helical coordinates are

= +
€, smo,, 1 uwo', €a (R
Ca s umdp 1 Y Sindp vy !
[ Ssn A otk R

where

Gw iy anHok k]
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e Au T
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Fig. 1 Lifting-surface geometry

The blade surface 1s given by
£, =Fd. 0 t3)
= E g ntEp 5.0 (6)
where
15 the meanline shape, and
E 1s the thickness shape

in the analysis, it 1s convenient to change the variables of
integration to (x . xg ) mnstead of ‘Er r), where

§ = c(xc—O,S)

r= Dxg/2
R
(7N

~

= chordlength at radws r
and
D = maximum rotor diameter

The position vector of a point on the blade surface
described by Equation (5)1s

s=D[% + ;)(xc—OSDSInOP- :)WSOP]I
+ ik e,(ﬂ»} (8)
and a normal. directed out from the blade surface 15(9,11)
Nsr as y LI (9
ax By

where the plus sign 1s used tor the suction side of the blade
and the negati e sign for the pressure side of the hlade
After some effort it can be shown that

(TR I AL D

Nzt T c:-a‘ '\’Nl'v 1

where
- AaE/D dc/DAED
Ng -2 S 20y —0s) SRAED
D 3 xg de3x
dig/h
*1

po 2ED
- COS — s
dxg (DT T

2 3 .
*2((_) S0+ Lal,/l)
D P))(L
d P/ cos? " @p _ singpcosdy '
d xp T xg XR

[ l (x, -osnmopr sin ¢p
g — -2
R

xR

e aLkE/D
I—)smcbp - ﬁxc cos ¢p

The normal to the blade reference surface, §5,=0.0<x_ <1,

xp <xg < lis

D? ¢
N, = ¢ —2— T) [%‘NR” e (60)] (1)
where
diy/D
Np =2 3 *’( )(x -0.5
R, cos op D

d P/D cos’ op de,
- XR — sn OP
d xg

dxg ®xg

NR the radial component of the normal, 1s zero for a

mnslant -pitch blade which is neither raked nor skewed
In Fquations (10) and (11}

iy = the total rake
P = the pitch of the blade
¢p = the pitch angle, ¢p = tan™! (Pxxg D))

# = the angular position of a point on the blade
surface. a function of both x and xg

b-1
=2 7 109’03"-;-)-11\-0‘“’"\0?

F
0—6 sin Op i fuy

8, = the skew angle. a function of xp

and

¢
A
LN 7 l‘9‘0. m (\‘A()‘hlnop L™

tn the dergvation of the expressions {of numenical analvan
the reterence surtace (F 2 01 s otten emploved  Generally
no specifie mention will be made of ditterences hetween

vanables on the hlade surtace and on the teterence surtace

In a coordinate system rotating with the blades the
Nuid velow ity may be taken to be the sum of the undisturbed
velouity and 4 compaoanent dae te the dnturban e of the
hlades
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the incariyed integrand | Lo integration over the hlade
retenin o surtace then hecomes in the genctal 1orm 1w hete
At and o aepend on the partioular ase of loading o
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At the singular point v ¢«
. .

3
2 [ B+ " AL e

. V=
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This known value at the singular pomt allows a strasghttor
ward analysis procedure to be undertaken using the proceduics
previously described

Some convergence problems near the leading and
trailing edges and over much of the surface for narrow blades
(maximum ¢/D = 0.05) have been resolved by computing
the lincanized form of F (Fquation 100) over the entire blade
and adding a correction term which 1s the difference between
the actual integrand and this linear approximation. This
option has been included in the computer program and s
defined as “‘linear approximation-plus-difference ™ When
conventional integration techniques are used everywhere
except at the singular point, where Equation (103) s re-
quired. the procedure is defined as “'direct

For the trailing-vortex sheet, a regular integration can
be performed since no singular points occur on the sheet
The strength of the vorticity is given by Fquation (59} and
the induced veloaity field 1s given by

v v, 7
_ | dG = 10
] Wi 2 Wir xg fdg (104

0 be1
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Bix, xp 1+ 2%} (x -x) where
h R (ﬁ O % W,
== > T D
2 A9y 2 er“.xR.Oh)=J ¢ X am———————dn 108,
JAU,,' IR”) *Buh xR“ch" x‘)4(“) (x‘“ x‘.DJ R . ‘w'\ %
o
o™
]
S —— e P e P USRU




N LY
(l» N '
‘K
oy G e ) s

nsn o,,) Con o', ""(0.r + ”h P

.
(S} OP SN gp
N ——n.
ton . )‘ S ‘R.‘
CONSp
x"\mllv”olfh FICIN I ) e,
W -
X l’e
- — o .
b 7 osin wpjon ,’)P Lo “'r
[WELY 0', ML (1;',
oM u e dn Rl I el YL KU
‘R
e “"P
fo, o n - e RILY
‘R
-- -y e
.

\ ' ™
. ' .
» -
| |
" .
» "
[ t | !
[ K to
1 boaor o , ' |
oa - PEITIE) o I ve o i [
. . , G e ey Uyt e .
I [P R Pt oyt | 4 o
NI Pl by IERTLAI A B O | = '
e T Lo b wher e or At
G, i rtegtd o opdeaqt 0t :
. tacr b b g L w .
P valae tr g et Vi b by
e N At ol oy 7
N
AL
‘N
LRI YT N T Y R VS I SVRNI UV R DY EIY BN
3 . .
v
[ [l il
AN

ared the s roment o anpalat satiabic # hetweer o cessing

proanls o
__}/!I JAr e .',', R’
[ li'\m:t'.:,r,uu-)\"- il
from whe h
L2 BTN p
AN‘ — - —
N ‘R
and
3 o8 A
SILUNN e —— AN DA,
N *R
(NI R LT and the cqualancrements o o noare used

torantegration with N T doable stevads A vgtue o
v 1 hgs been satistac oy Boodate When the distanae

Betwcen pomifs becomes senadl specgd Trne peant spacing 1 s
semploved toomsare convergenoe . Accutaoy of calculations
wascfetermuned by compatnon with anals toal resalts 1o the
tangential vedoaty conponeat doe g o udat ato vortes
tlament the vl seloaity component gt the organ tor 4
pencral belioal llament gl seloaity omponents for osteaght
e vorte and aindos ton bactors oL 70 tor pesactal heboal bila
ments A individual points of this Coapareson o ilate nis
vty to the thad decamal pomt was found weth the

seley ted prarametess and an overall oouracy of the non
dunepsictnal mduced selocily component of the sheet booong
of Dacoutidsan the tourth docimal prant was toand

-— -




P ot oo alcadet o the fonm o 3 ®
v dimenstongl the knes snost alse by gpecitied A e nenad
ey boading tans tuans has Beerr sobe e P wath th
ety That thoy hve Coro values ot the b ading and sl
s and resemble nventiongl NAC A Jaading tan
e ok e The e values at Phe nds ane Docessny b g
AL Tttt s ties gponoms T anterpodahion poly
g b oadimy istetions whie b approoaonat the
NACA s i s the Ty Botbwes g s

N
FROTRIN A ! \ '
N . s \ v i [
N h
- ' .
o
ar
v
' SR e ke st tiae ity b too ke the

st btet e nthe fea fing e fegeoet nearly Te tanga
A provions s estigghion s PO o This loading tanchion tag

Soand 0 o tratad That b was an o eptab
ot alior ot the NACA G R meanhine s Fagrgre
St b doading tans tons weore seldeted tao

, (L R

P o eny st G hon tast Y ntepnated actoss the
st e U predn co ot satue tor the integral

R .
rigry «
s, WNAC -— -
LI ] |
| 2}
- .
: I‘ F Al
-
«
3
N
LI '
B
\
atl B . . . N . . . . \
u 1 2 ) . [y . ’ » . 10

B FRACTION O CRORD
3

b Load distbution

Fhe thichtiess oftset s assumed o the tanm
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wheto "o hordwise doetntation ‘l" porenenns the sanmwe

e pool o g oy The et salie hanges wath
vacdia . Phe s trae Lor artent propalbsor designs Speoiti
cvampies of the thickness tunc b inchided i the compales
vede ate The NACA $and S digit se ions cF' the NACA Y
e tran € 00 g cdliptn nose aatbic Tl section spnehar Vo
that des cbed i Reterenoe S0 and g approimate NAC A
o Mad e T section AN have been iyt atly defined

Computer Code Convergono and Roge L
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ampations e ot dsaalby cvabiuate the poearad g0 The
prosedure sobocted beovaluate convetpen o a g g, the
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trresented prodir bt el g T tey L agtt
thomt only ane por ent i oonce bt b g b vl
shont the s s tound Tor Rorwan - namor st sny s

The computed prtc h Baaever o0 g bow Ter oot Jess 1Yo
amputed by Kerwin comethod S anegt ished ongpere
e at DENSRDC to date has been that R rwan - e
produes desipns that are penerabis shighthy caverpit b

pethaps some anpravement s pertorman o may beoape !

using the prosent method

Prodi ions o the pit boand amb o by the ta
peocedures developed tor computimyg the inda ed velooats
tield o the blade surtyc e which Contans the el poant

direct and approvmate plus Gitterence it showr ot
Tatde e be nearhy the same However it nasboen t o
thai overall the approximate plus diftetence proceture
preterable when dense Chordwise spavinge v howen o g
NN By o nartow Blades crnaamam D o oS
imoled 1o these situations the “direct prosedure produ.es
Jovalhy ermatic values o1 the indaced sedooity becanse of the
decreased spacimg between adpavent hines of aitegration with g
carrespotihing lack of accuraos i the numericdl integrations
tor the resulting neat-angular integrals  Fas ettect isoallus
trated in Fagure Vwinch shows values ot ane of the hehiea!
companents of the avengge iadaced velooty st the 094
radis of the reterence blade This velooty omponent s dee
to only loadimg on the blade itsedt the efteots of thickness
the other hlades and the shed vortex shee? o ot inluded
Al duta shown m subsequent Bpares have been computed By
the approvimate plus-ditterence’” procedare althaugh only
the pressure distnibution near the leadimg edpe in the ap
teion af the hlade was sigrinficanthy ditterent between the
wo provedures

Overall run time vaties with number o pomts number
ot blades and Blade width - Since computer usage hanges are
sl the TR B grray sizeas recommended For g narow
blade the lincar “approvimation plus difterence’” procedure s N
recommended and the run Bime may ainctease by tew han
dred seconds becaise of speaidl care tiken waith the shed
vortey sheet caloudations . Computer cxecation time tot
Rerwin s program s unknown for the Hurroughs - 700 high
speed computer but s estimated to be aboat T80 seconds
tor data calcubations at 4 Chordwise points at X radial stations
For the results shownan Table T data ate computed o 13
tadiad stattons weth etther X 11 o5 37 chordwise points
Jepen Tmg on mput data speaiti ation

¥ anther details of the geomietny of thes oxample are
ervern Lable B Rodiat vatiables wre titled aocondimg 1o the
syimhobs sugpested i Reterenoe 10
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Input quantities ynd selected output afe shownn
Tabie 11 tor a warped blade similar to NSRIX Mode! 449K
tand one similar to the example of Keference 7y For an
niskewed blade the column labeled TETS the skew angle
A, would be zero and tor g vkewed blade the column
labeled RAKT DL the total rake 1p 1D would be equal to
P-#_ 2xln In bigure 4 the computed pitch and
.. cathber ratios are shown for these vanous overall geometnes
’ with all other input the same as in Table 1 In Fagure S
[N 1 s o the Chordswase lowd distnbatien snd hondwise
e : thichness fund tion on pitch and camber are shown The
) iiect of rake and skew on pitch and Camber tollows known
s ) trends t7 24 The eftect of thickness distnbution on pateh
‘ - and Camber s neghgibie and the effedt of elhiptic joading i~
; ; " , toredinee the pitch and increase the camber as wondd he the
. . R ane i two dimensional flow at the wdedl angle 1or a given
. PRV \ I coettiaent o bagure 6 the pitch and camber hange i
. T o ~oof shown for another modifiwation of the warped blade  Since
) . . . . a latge change ccars i the pitch trom the input spedifica
ton (T able TH to the computed values (Fguce 3 computd
ooy were pertarmed with the singulanities distributed on
Fig & Helioal velonsty component v > e, b the hlade reference sutface 4t a pitch taken from Fgure 4
This Change an pitch places the singulanttes nearer the tinal
Blade surtace  To have umtornuty in the calvulations the
pitch anghke of the shed vortew sheet was taken as § the
ITHSEC T SSTON OF FXAMPLE COMPL 1A TIONS advance angie of the shed vortex sheet cin bgure 4 the
shed vortes sheet was taken to be gt the mput pitch. which
In this sechion ther consequences of Chorces the s the patch angle denived trom the solution of a straight
designet ught make both tor overall geametry and tor the tadial itting ine representing cach blade 1 The Change in
hordwine vartgtion of the thickness distnibution and loading prich gnpde of the shed vortex wake trom ) to d produces
fistnbution are exgnoned  Some common vanations in the aslight inctease of pitch neas the hub Ccompate dataan
location ot the blade mid-chord hine are investigated to deter bgures 4 and o0 A Change in the pitch al the hlade retetence
mine the cftects of overall geometry on pitch, camber sutface to the values shown by the dashed cunve in bgure 4
prossare distnbution and second-order perlarmdanoe cocth produces ¢ signilieant reducionan computed ptch and s
wnts The vanations are unshewed skewed and warped €0 1) compensating incredase 1n camber nedar the root with negh
Hiades with otherinput speatications the same  Skewed pible Change in cither pitch or cambes trom ahout vy 0
Vlades have blade-sections displaced along the pitch helix to the tip Hence the ortentation of the tree sorten sheet
and warped blades have blade sections displaced crrcum- and blade reterence surface have signiicant ettects on the
terentislly in the plane at x - () pitch and camber values only near the huh
A’.
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APPENDIN  STREAMLINE COORDINATE SYSTEM

1t 18 otten convenment to have an orthogonal coord)
nate system on the surtace ot the blade  In particular, tor
perfornung boundary-layer computations. an orthogonal
coordinate system with one vaniable along the streamhines
reduces the number of terms an the goverming equahions
To determine the difterential equation of the steeamhine
path_ lea

CROTow i) 12

be the radius ot the streambines as a tunction of the chord
wise coordinate X Then

. =N " N
\ 1\(1 l\ckw(\‘n (R

1s the position vector of the streamlines on the blade surtace
Hence a tangent to the streamhine v

ds* R BRS dw
t = = | — . ———
oA N AR e Ak

*R
+
. \\ ey dy (1o
= gty tlace, +— —1]— -
! ! ).‘L) dx

For this tangent vector to he parallel to the velocity vector
on the surtace. the vector cross product, tu‘« X g, must

be rero Hence, tor the velocity on the blade surface given
by

q &]w sV

v \% \
_u v 23
-vcl*vc (123

the cross product is

(\ dy \ B
ol— v a-21--1,
bH Ja JV

For this croms produdt to be zora the slope oF the Jtreart b
"

W
dy Ny

P, N 3.

dx
‘ f - "
-‘Vlb\“‘ ;— e \

for ines ghong the saftac whi hoare o el t 0ty
streamhnes let

X 'ktnkl ‘

be the chordwise position as s fun tron ot radias T her
vector on the hlade surtgoe tangent o o e~

datnbapi wp
t _— . I

" dy

(;’\ BN A
i a—\) | ( )
: ‘1

up

b . da !\ - i
z e, ——— %t g, t =N e\,

! ! ~ ® {

D dag A |

The condition (o be satisfied o« that 1 be perpendoubar B
the veloaty vedtor, of

-0 [N

Thus the slope of bines on the surface which are normal 1o
the streambine s

| = W (
FALMA ST

dx
— - N
de -‘—.L.

DV

One now has differential equations to determine an orthos
onal network over the blade surtace  [he dittereitial an
length along the streambines s

XY K Ay
dy ={{—— + -—— M
al\ e "‘R W . \|\‘ :

R

Since

d\=ld\1-'h|dx‘ RN




then

b, . IV IS PR ATAY L
hmand — o U —
1 D d\\ 4 dx

[(ARN]

Simudar iy the ditterential arc kength along the orthogonal
sulftave coordinate s

(m ) Jda A
i —— ¢ dx
S, dyg R\R E R

L LN Y
(13
hdvg (134)
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